Abstract: This study analyzed the impact of varying the momentary cessation (MC) voltage level on the short circuit current of inverter-based resources (IBRs). To analyze the impact of the IBR MC function on the short circuit current, this paper proposes an advanced IBR model for fault current calculation to reflect its fault characteristics and a scheme for analyzing the influence of MC on the short circuit current. Based on the proposed methods, the authors conducted case studies using planning data from the Korea Electric Power Corporation (KEPCO). The influence of MC was investigated on the IBRs located at the southwest side of the KEPCO systems by screening the fault currents while varying the MC voltage. This paper demonstrates that the minimum MC voltage level needed for the fault current not to exceed the circuit breaker (CB) capacity can be proposed through analyzing the impact of MC voltage level on the short circuit current. The test results based on the proposed scheme showed that the short circuit current to power systems could not violate CB capacity if IBRs adjusted the MC voltage level higher than the lowest MC voltage level.
Introduction
The fast expansion of inverter-based resources (IBRs) has created a new variation in power systems. The characteristics of IBRs (e.g., Wind Turbine Generators and solar Photovoltaics), which differ from those of conventional synchronous generators, have different control, operation, and protection systems and fault current contributions in power systems [1] [2] [3] . In the results of References [4] [5] [6] , IBRs produced a smaller amount of fault current to a maximum of 1.2 pu of nominal current, compared to conventional synchronous generators (10 pu). The short circuit current to power systems is reduced as the conventional synchronous generators are replaced by IBRs [4] . However, the short circuit current at the system buses, which are remote from conventional synchronous generators and closer to many IBRs, may be larger. With IBR expansion, this small fault current, if aggregated by several IBRs, can significantly adjust the short circuit current, thereby resulting in the malfunction of protective systems [7] [8] [9] .
Several factors affect the fault current contribution of IBRs [9] . One of these is momentary cessation (MC), which is a control strategy applicable only to IBRs. In accordance with a standard [10] , MC is a ride-through mode for IBR response to abnormal voltage, as seen in Table 1 . In the case of system disturbance, the active current is limited to zero if the IBR output terminal voltage is lower than the specified MC voltage (V MC ) [10] . An IBR in MC mode produces a zero-fault current contribution, as the current is limited [4, 10] . Consequently, an IBR provides a fault current contribution when not in MC mode. Hence, the control characteristics of the inverter, such as MC, can influence the IBR fault current contribution. Table 1 . Inverter-based resource (IBR) response to abnormal voltages [10] . 1 Temporarily cease to energize an electrical power system (EPS), while connected to the area EPS, in response to a disturbance of the applicable voltages or the system frequency, with the capability of immediately restoring the output of operation when the applicable voltages and the system frequency return within defined ranges. The voltage threshold between mandatory operations and momentary operations may be changed by mutual agreement between the area EPS operator and the distributed energy resources (DER) operator, e.g., to allow the DER to provide dynamic voltage support below 0.5 p.u.
Operation
There have been several unintended solar generation loss events observed due to MC operation. One report from the North American Electric Reliability Corporation (NERC) analyzed an approximately 1200-MW generation loss of solar photovoltaics resources at bulk power systems (BPS) as a result of transmission fault events [11] . A cause of the generation loss (≈450 MW) was the inverter MC mode since system voltage was reached to the low voltage ride-through of the inverters. In the event, most installed inverters set the MC operation ranges for voltages of lower than 0.9 pu or higher than 1.1 pu. Therefore, the majority of solar PVs could enter the MC mode due to the wide MC operation ranges, and the unexpected generation loss occurred. Another report from NERC raised a concern, where a 900-MW generation loss of solar PV resources was caused by inverter MC operation as a result of two transmission systems near the Serrano substation east of Los Angeles [12] . The inverters had still used MC operation for the same voltage ranges (V < 0.9 pu, V > 1.1 pu). The unintended generation loss due to MC resulted in the instability of the power systems. NERC recommended the usage of low-MC voltage with IBRs to solve this problem and improve power system stability. Based on standards and reports [10] [11] [12] , the MC function can be applied not only to IBR distribution systems but also to IBR transmission systems.
Reducing the MC voltage is a plausible option to maintain power system stability, as fewer IBRs would enter MC mode and more IBRs would restore power generation after faulty elements are eliminated. However, a large number of IBRs can contribute short circuit currents to the grid with a lower MC voltage. With this, an increase in the IBR fault current contributions may result in the malfunction of existing grid protection facilities [6, 9] . Hence, in view of fault currents, a minimum MC voltage level needs to be established.
Short circuit studies are implemented to calculate fault current to power systems for determining circuit breaker (CB) capacity. Generally, the traditional calculation of fault current to power systems is to use the system impedance matrix. This traditional method is suitable for short circuit studies on conventional power systems without IBRs. For grids with IBRs, the method should be modified to consider IBR fault current contributions to power systems, since IBR fault responses are different from conventional synchronous generators. An analysis of the modified method is discussed in Reference [13] . However, for networks with IBRs, adapting an impedance matrix to short circuit calculations is complicated, since determining the impedance of power electronics is difficult [1] .
In this paper, the impact of MC voltage on IBR short circuit currents is presented. An improved IBR model was established to reflect its fault current characteristics in fault calculations. The influence of MC voltage on the IBR fault current was analyzed in comparison to fault currents at buses, which exceeded circuit breaker capacity with a varying MC voltage. The lowest MC voltage of an IBR is suggested to avoid exceeding CB capacity.
Materials and Methods

Fault Current Contributions of an IBR in MC
IBRs (e.g., a wind turbine generator type IV, a solar PV) are connected to the grid through power electronics (e.g., an inverter), as shown in Figure 1 [5, 6] . Sources with converters produce Direct Current (DC) power from IBR sources (e.g., turbines or PVs). The DC voltage is held by DC link capacity to be constant and is converted to three-phase Alternating Current (AC) voltage through an inverter. Inverter control schemes are implemented for constant power output to grids. Generally, there are voltage and current control schemes to regulate power output in industries [6, 9] . A voltage control scheme produces a higher initial current spike during a fault. On the other hand, a current control scheme produces a much slower response back to a steady state during a fault. Hence, inverter control schemes with a current limit function protect semiconductor switches from over-current due to the low thermal inertia [4, 6, 14] . With a current limit function, IBR has a fault performance different from a conventional synchronous generator. From a fault response analysis [4, 6, 14] , the fault performance from an IBR can be divided into two periods: Period 1. Period 1 is the approximate time (2 cycles) between fault occurrence and fault detection. The IBR produces a higher output current to sustain the power constant at a lower-than-rated terminal voltage. The magnitude of the output current can usually be as high as 2.5 pu during this period. The actual value of the output current is determined by several factors, such as wind conditions, voltage level, and the pre-set point of active and reactive current for normal operation; Period 2. After period 1, the magnitude of output current becomes lower. The low magnitude fault current is adjusted by a pre-set fault ride-through mode (FRT mode). The IBR fault current (I F ) is limited to a maximum of 1.2 pu of the nominal current if terminal voltage is higher than MC voltage. In other words, the IBR enters MC mode in order to block the fault current, as terminal voltage is lower than MC voltage.
In study [5] , the IBR fault current contribution was relatively smaller than that of conventional synchronous generators (10 pu), and therefore considered negligible. However, with a large number of IBRs connected to the power systems and fewer conventional synchronous generators connected to the grid, the IBR short circuit currents were significantly considered. Even with their minimal short circuit current to power systems, due to rapid IBR expansion, significant IBR fault current contributions may result in the short circuit current exceeding CB capacity at buses far from the conventional synchronous generators [14] .
The MC voltage determines whether IBRs could contribute fault current to the grids. Control parameters of IBRs, such as MC voltage level, can affect their short circuit current contribution. To precisely analyze the influence of a varying MC voltage on the short circuit current, IBR fault current characteristics should be considered in the model. With this, the short circuit current to the power systems can be analyzed with a varying MC voltage level. A minimum MC voltage is proposed to avoid exceeding the existing CB capacity.
IBR Model for Short Circuit Current Calculation
Numerous papers have discussed IBR models and fault responses in electromagnetic transients including DC (EMTDC) for short time durations [15] [16] [17] [18] [19] [20] . These options are applicable for analysis of small power systems. However, in this paper, the simulation was based on a large power system, and the short circuit current was calculated by PSS/E software (Power System Simulator for Engineers) in a steady state. In PSS/E, automatic sequencing short circuit calculation (ASCC) and breaker duty (BKDY) are normally used to calculate the fault current. The ASCC calculates only the symmetrical components of the fault current and requires additional values for the calculation of the asymmetrical components. The flat option can be used where generators are modeled as an internal voltage source with a magnitude of 1 pu and a phase angle of 0 • . On the other hand, BKDY calculates both the symmetrical and asymmetrical components of the fault current. It is based on equations derived from time-dependent dynamic models of generators. In Korea, the fault current is normally calculated using ASCC. Hence, ASCC was used in the fault current calculation in this paper. However, as ASCC can only model a conventional synchronous generator as a voltage source with internal impedance, the IBR model was simplified as an inverter-based resource connected to a transmission system for fault current analysis in a steady state.
The IBR was modeled as a constant current source, as shown in Figure 2a , since it produces a fault current of 1.2 pu of the nominal current. The subtransient impedance, X d , is typically applied to determine the short circuit current as a generator internal impedance when responses are determined by most transmission system relays [6] . In PSS/E, it is used, along with the generator internal voltage, as input data for fault calculation. From short circuit current calculation research [16] , several assumptions were made for the simplification of the IBR fault current calculation. The internal generator voltage (V E ) was assumed to be 1.0 pu, and the faulted bus voltage (V F ) was assumed to be zero. This calculation is shown by the following:
where I f ,IBR is the IBR limited fault current, V E is the internal generator voltage, V F is the faulted bus voltage, and X d is the subtransient impedance of the generator. Equation (1) shows the IBR current limit function represented by the voltage source and subtransient impedance of the generator. Wind turbine generator type IV and solar photovoltaics have a subtransient impedance of 0.833 pu, since the fault current for both IBRs is limited to 1.2 pu of the nominal current. The IBR was connected to the transmission system via a transformer, which could be represented by the impedance of the fault current calculation in ASCC. The transformer impedance was reflected in the IBR model by connecting the subtransient impedance in a series. A 0.3-pu value for transformer impedance is typically used for transformers from 22.9 kV to 154 kV in Korean power systems. A 1.133-pu value for advanced subtransient impedance was added between the original subtransient and the transformer impedance, as shown in Figure 3 . 
Proposed Scheme for Identifying the Impact of MC Voltage Level on Short Circuit Current
As discussed in Section 2.2, the subtransient impedance of IBRs should be updated to reflect the fault current characteristics of IBRs. In Figure 4 , the proposed scheme, by using the updated IBR model, can analyze the impact of MC voltage level on short circuit current to power systems. The advantage of the proposed scheme is the ability to determine the minimum MC voltage level for the short circuit current not to exceed CB capacity. This minimum MC voltage level can notify a power systems planner that the fault current to the power systems may exceed CB capacity if IBRs set their MC voltage levels to lower than the minimum MC voltage level. The proposed scheme can be divided into two stages, as seen in Figure 4 . Stage 1 is to select system buses where the fault current exceeds CB capacity. Next, stage 2 is to figure out the minimum MC voltage level. These stages can be separated into three steps, as follows:
Step 1. The input is the power system with the updated IBR model in this step. A 3-phase balanced fault is implemented to consider the most severe faults in the simulation, since a 3-phase balanced fault is the most serious fault in a transmission system. The short circuit current at k bus is calculated by ASCC. This step 1 is repeated until the short circuit current calculated by ASCC exceeds CB capacity;
Step 2. For example, k bus is found in step 1 due to the short circuit current violating CB capacity. I k F is the short circuit current at k bus as an output of step 1. In step 2, the IBR fault currents, which contribute to I k F , are calculated by ASCC. These IBR fault current contributions are the fault currents from the bus where IBRs are connected within 10 levels away from the faulted location while the fault occurs. From the calculated IBR fault current contributions, the voltage and fault current at the point of common coupling (PCC) are recorded;
Step 3. The MC voltage is set to 0.1 pu initially. The PCC voltage from step 2 is compared to the MC voltage to determine which IBRs will be in service. The IBRs are in service since the PCC voltage is greater than the MC voltage level. The on/off status of IBRs are determined by comparison between PCC voltage and MC voltage and are updated with the input data of step 1. With the updated input data, the short circuit current calculation is done by ASCC at the same faulted location. This step is repeated as MC voltage level increases by 0.1 pu until the short circuit current is lower than CB capacity. From this step, the minimum MC voltage level can be determined, as the short circuit current is less than CB capacity.
Implementation in PSS/E
The data of power systems can be simply modified in a *.raw file in PSS/E. The *.raw file consists of 23 steady-state parameters to model the power systems, such as bus data, plant data, machine data, load data, branch data, and transformer data. Machine data in a *.raw file have generator service status, active and reactive power generation, a machine base, machine impedance, etc. The machine data should be updated to reflect the IBR fault current characteristics. The subtransient impedance, which was calculated in Equation (1), is used as the IBR subtransient impedance. Hence, IBRs are modeled as a constant current source during fault analysis.
As discussed in a previous section, in PSS/E, short circuit calculation is done by ASCC. The flat option in ASCC is used as a system condition for short circuit study. The flat condition is that generators are modeled as an internal voltage source with a magnitude of 1 pu and a phase angle of 0 degrees. This condition is equal to the assumption made to calculate IBR subtransient impedance. With this condition, the fault current at the faulted location can be calculated by ASCC. In addition, ASCC can calculate fault current contributions 10 levels away from the faulted location. This can be implemented by modifying the output option of ASCC.
Description of Case Study in KEPCO Systems
The simulation was conducted in KEPCO systems in 2030. The short circuit current was compared between the base case (systems with no IBRs) and the IBR case (systems with IBRs). The systems data are shown in Table A1 . The base case only utilized conventional synchronous generators without IBRs. In the IBR case, the IBR units were connected to the power system and distributed to individual buses as anticipated in the year 2030 in a future grid [21] .
In Korea, the typical CB capacity is 31.5 kA for a 154-kV transmission system. This capacity was used as an indicative level to determine the influence of the MC voltage in increasing the short circuit current. A change in the fault current was observed when the MC voltage was varied. This was due to the number of IBRs in the grid. The lowest MC voltage level was obtained by locating a point where the fault current did not exceed CB capacity.
The buses where the fault current exceeded the CB capacity were determined. This demonstrated the increase in the fault current caused by IBRs. The fault current at each bus obtained was then analyzed by calculating the short circuit current contribution. The PCC voltage and IBR fault current contributions were used to investigate the influence of the MC voltage. The IBR was simulated to be out-of-service when the PCC voltage was lower than the MC voltage. This demonstrated variations by the IBR fault current contributions on the short circuit current of the power systems while varying the MC voltage level.
Results
The schemes of the influence of the MC voltage on the short circuit current were demonstrated in KEPCO systems. The summary of step 1 in the proposed scheme is shown in Table 2 . ∆I F, Inc is the increase in the fault current from the difference between the base case and the IBR case. There were 18 buses that exceeded CB capacity, since the IBRs penetrated to Honam (southwest side of Korea). The configuration of the 154-kV and 345-kV transmission systems in Honam is shown in Figure 5 . The four buses with the largest short circuit currents were placed far from the conventional synchronous generators. This was due to their short circuit currents depending more on the IBR fault current contributions rather than the conventional synchronous generators. On the other hand, the five buses with the lowest fault currents were placed near the conventional synchronous generators. The IBR penetration had less impact on these five buses. Singangjin1, with the largest increase in fault currents, was used as the example for the next simulation to observe the MC voltage level impact on the short circuit current. Figure 6 represents the IBR fault currents and PCC voltage of the buses where an IBR was connected when a three-phase balanced fault occurred at Shingangjin1. The stick graph illustrates the cumulative fault current, and the line graph corresponds to the PCC voltage. The buses were sorted by the PCC voltage value in descending order from the left to the right of the graph in Figure 6 . On the left side, the bus was placed far from Shingangjin1. The fault current accumulated from a point far from Shingangjin1. The left side of the red dot on the PCC voltage graph shows the IBR supply fault currents in Figure 6 . In other words, the IBRs located at the left side of the red dot were not in MC mode, since their PCC voltages were greater than their MC voltages. The other side of the red dot represents IBRs that had no contribution to the fault current, since the PCC voltage was less than the MC voltage. As a result, these IBRs were in MC mode, thereby blocking the current flow. The fault current from the IBRs was 12.2 kA when the MC voltage level was 0.5 pu, as proposed by the IEEE1547-2018 in Figure 6a . The voltage maintenance range was typically ±10% of the 154-kV transmission systems. Considering this, the fault current contribution from IBRs was 1.75 kA when the MC voltage was 0.9 pu. As stated earlier and as seen in Figure 6 , a low MC voltage level resulted in more IBR fault current contributions. The short circuit current at Shingangjin1 with respect to the MC voltage level is shown in Figure 7a as a black plot. The red line in Figure 7a represents the typical CB capacity of 31.5 kA for a 154-kV transmission system. The black line intersected with the red line when MC voltage was between 0.7 pu and 0.8 pu. The short circuit current at Shingangjin1 was measured to be 29.3 kA when the MC voltage was 0.8 pu. This increased to 32.8 kA when the MC voltage decreased to 0.7 pu. The increase in the short circuit current was due to the increase in IBR fault currents to 4.23 kA, as shown in Figure 7b , when the MC voltage level was reduced to 0.7 pu. This demonstrates the impact of varying the MC voltage on the short circuit current of the power systems. The fault current at Shingangjin1 was lower than the CB capacity when the MC voltage level was 0.8 pu. Hence, this was set as the lowest MC voltage level for the fault current so as not to exceed the CB capacity. In Figure 8a , the proposed scheme was applied to 18 buses that exceeded the CB capacity, including Shingangjin1. The fault current at each faulted location became lower as MC voltage level increased, which was similar to Figure 7a . However, each bus had a different point where its fault current exceeded CB capacity. In addition, the decrease in fault current at each bus was different, as can be seen in the gradient of the fault current lines in Figure 8a . This change in fault current was related to the number of IBRs in MC mode in Figure 8b . The number of IBRs in MC mode represented that the IBR fault current contribution depended on the MC voltage level. As MC voltage level was higher, a larger number of IBRs entered MC mode. For instance, at an MC voltage level of 0.9 pu, the decrease in the fault current at faulted Shingangjin1 was larger than Sepung#2, since a larger number of IBRs entered MC mode. From this observation, the fault current to the power systems could be reduced as MC voltage level increased due to a lower IBR fault current contribution.
The fault current was reduced to lower-than-CB capacity at the specific MC voltage in Figure 8a . This specific MC voltage was the lowest MC voltage for fault currents not violating CB capacity. Figure 9 presents the minimum IBR MC voltage at each bus when a three-phase balanced fault occurred. The fault current exceeded the CB capacity when the IBR MC voltage was set lower than the minimum MC voltage. In other words, 66% of the 18 buses exceeded the CB capacity, as the MC voltage was set to 0.5 pu, as proposed by standards [10] . According to the standard in Reference [10] and other reports [11, 12] , from the perspective of power systems stability, the IBR MC voltage level should be lower. However, a lower MC voltage level may cause IBR fault current contributions to be increased. It is obvious that the system stability had higher priorities to consider than the fault current. Hence, fault analysis should be considered if IBR MC voltage is made lower for stability. From the fault current point of view, the minimum MC voltage value in Figure 9 can be a reference for the minimum MC voltage. 
Conclusions
This paper demonstrated the impact of IBR MC voltage in increasing the short circuit current. The 18 buses had different minimum IBR MC voltage levels, and the decrease in fault current at each bus differed as MC voltage level was increased due to the topology of systems. The fault current was steeply decreased if the faulted location was electrically near the many IBRs and far from conventional synchronous generators. In other words, the impact of IBR MC voltage level on fault current was higher since the IBRs contributed more to fault current than conventional synchronous generators did. Some buses had a minimum IBR MC voltage that was higher than the 0.5 pu proposed by IEEE1547-2018. For these buses, the fault current might have exceeded the CB limit if IBR MC voltage was set to 0.5 pu. Hence, CB capacity should not need to be replaced if IBR MC voltage is set to the minimum MC voltage. From the perspective of fault currents, this minimum MC voltage can be used as the lowest boundary for setting IBR MC voltage.
Two methods were used in this paper. First, an IBR model was developed to reflect its characteristics in fault analysis. This model used the fault analysis method of conventional synchronous generators, which represented the IBR in the analysis. Second, the proposed scheme provided the IBR fault current contributions while varying the MC voltage. This evaluated the influence of the MC voltage in increasing the short circuit current in power systems. Test results based on KEPCO systems showed that the proposed method accurately represented the influence of the MC voltage level on the short circuit current. The minimum MC voltage level needed for the fault current not to exceed the CB capacity was also determined. Consequently, the MC voltage level was precisely set, considering the short circuit current. For a reduction in the MC voltage value for power system stability, the proposed scheme with varying MC voltage levels should be considered to determine the appropriate value.
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